Quantum coherent control 1-6 is a powerful tool for steering the outcome of quantum processes towards a desired final state by the accurate manipulation of quantum interference between multiple pathways. Although coherent control techniques have found applications in many fields of science [7] [8] [9] [10] [11] [12] , the possibilities for spatial and high-resolution frequency control have remained limited. Here, we show that the use of counterpropagating broadband pulses enables the generation of fully controlled spatial excitation patterns. This spatial control approach also provides decoherence reduction, which allows the use of the high-frequency resolution of an optical frequency comb 13, 14 . We exploit the counter-propagating geometry to perform spatially selective excitation of individual species in a multicomponent gas mixture, as well as frequency determination of hyperfine constants of atomic rubidium with unprecedented accuracy. The combination of spectral and spatial coherent control adds a new dimension to coherent control, with applications in nonlinear spectroscopy, microscopy and high-precision frequency metrology, among others.
Quantum coherent control [1] [2] [3] [4] [5] [6] is a powerful tool for steering the outcome of quantum processes towards a desired final state by the accurate manipulation of quantum interference between multiple pathways. Although coherent control techniques have found applications in many fields of science [7] [8] [9] [10] [11] [12] , the possibilities for spatial and high-resolution frequency control have remained limited. Here, we show that the use of counterpropagating broadband pulses enables the generation of fully controlled spatial excitation patterns. This spatial control approach also provides decoherence reduction, which allows the use of the high-frequency resolution of an optical frequency comb 13, 14 . We exploit the counter-propagating geometry to perform spatially selective excitation of individual species in a multicomponent gas mixture, as well as frequency determination of hyperfine constants of atomic rubidium with unprecedented accuracy. The combination of spectral and spatial coherent control adds a new dimension to coherent control, with applications in nonlinear spectroscopy, microscopy and high-precision frequency metrology, among others.
In traditional coherent control experiments, pulse-shaping techniques 15 are used to steer light-matter interaction by manipulating the relative phases between different quantum paths leading to the same final state. In the past, numerous control schemes have been shown to provide frequency control and selectivity, with a resolution exceeding the bandwidth of the individual pulses by two to three orders of magnitude. The vast majority of these schemes rely on a two-photon interaction with a single broadband, shaped pulse. Even though the laser systems used in these experiments produce trains of pulses, decoherence effects due to atomic motion wash out the interference between different pulses, and therefore blur the underlying atomic structure. Spatially, the interaction with a single shaped pulse creates a signal that is practically identical along the whole beam path.
Here, we demonstrate how the control level for light-matter interaction is significantly enhanced by interaction with multiple pulses. First, we show that the addition of a counter-propagating pulse changes the quantum interference and can even invert the properties of the excitation. In combination with pulse-shaping techniques, this geometry provides full spatial control and is able to produce complex excitation patterns over an extended region. Second, excitation from counter-propagating beams inherently reduces decoherence effects, allowing coherent accumulation of quantum interference over long pulse trains, even without the use of cooling techniques 16 . Combined with the excellent phase stability of an optical frequency comb, this enables high-resolution excitation that can resolve the smallest features of the atomic structure.
To gain insight into the properties of spatial control, we derived an analytical expression for the spatial excitation pattern. Consider the two-photon interaction of a simple two-level atom with a light field E(t), where the two photons originate from counter-propagating ultrashort pulses. Atoms at different positions experience the two counter-propagating pulses at different times with a delay Dt ¼ 2z/c (z ¼ 0 is the point where the unshaped pulses overlap and c is the speed of light). The excitation probability from counter-propagating pulses can be written as follows (for a complete derivation see Supplementary Section S1):
where A(v) is the spectral amplitude and F(v) is the spectral phase at a frequency v of the laser field, relative to half the transition frequency (v 0 /2). The appearance of the fields A(v) and A(2v) in the integral reflects the fact that many pairs of different spectral modes centred around v 0 /2 are involved in the twophoton transition. Some distinct properties of the excitation profile can be derived even without full evaluation of this integral. In the case of an antisymmetric phase function F(v) ¼ 2F(2v), the phase-dependent terms in the exponent of each integral cancel. The excitation probability will therefore be identical to the case of transform-limited pulses, which is a behaviour similar to that observed in the single beam configuration 17 . A new level of control is made possible by applying symmetric spectral phase masks, which results in the generation of complex spatial patterns. Remarkably, when equation (1) is integrated over the spatial dimension (simulating a positioninsensitive detector), all phase terms drop out, resulting in optimal constructive interference. The spatial excitation pattern can thus be manipulated without affecting the total signal strength.
As a proof-of-principle we conducted measurements on various two-photon transitions in atomic rubidium and caesium (level diagrams are presented in Fig. 1a ). The experimental set-up is shown in Fig. 1b . Briefly, femtosecond pulses from a frequency comb laser are spectrally shaped in a standard phase-only 2f-2f configuration. The shaped pulses are focused in a vapour cell containing either pure rubidium or a rubidium/caesium mixture. After passing the cell, the pulses are reflected back at a distance that matches the repetition frequency of the laser, so that every two consecutive pulses overlap in the middle of the vapour cell. Control over the atomic excitation is achieved by applying a spectral phase mask to the pulse shaper and tuning the frequency comb parameters f rep (repetition frequency) and f 0 (carrier-envelope offset frequency), which determine the absolute frequencies of the frequency comb modes through the comb equation (refs 13,14) , where n is an integer. The excited state population is monitored by detecting the LaserLaB Amsterdam, VU University, De Boelelaan 1081, 1081HV Amsterdam, The Netherlands. *e-mail: K.S.E.Eikema@vu.nl 420 nm (459 nm) fluorescence upon spontaneous decay via the 6P (7P) state in rubidium (caesium).
We first applied a harmonic spectral phase mask, F(v) ¼ acos(bv þ w), where a is the modulation depth, b is the modulation frequency and w is the modulation phase. We investigated the influence of this class of spectral phase masks on the excitation from single-sided and counter-propagating pulses. A pure rubidium vapour cell was used, and the comb parameters were set to excite the 85 Rb 5S(F ¼ 3)
7S(F ¼ 3) transition. As a reference, a fluorescence image of the excitation pattern resulting from transformlimited pulses (a ¼ 0) is shown in Fig. 2a . Transform-limited pulses lead to optimal constructive interference of single-sided excitation, giving rise to a strong spatially independent signal. The localized signal in the centre results from the spatial overlap of two counter-propagating transform-limited pulses.
A harmonic spectral phase mask alters the temporal intensity distribution of the pulses, breaking each pulse into a train of sub-pulses. In Fig. 2b , a sine-modulated spectral phase (w ¼ p/2, antisymmetric relative to v 0 /2) is applied with a modulation depth of a ¼ 1.2. An antisymmetric spectral phase does not influence the single-sided excitation 17 , which appears in our case as an unchanged, spatially independent background. We observe that the localized signal resulting from counter-propagating pulses is also unaffected by an antisymmetric phase, as predicted from equation (1) . Although the sub-pulses overlap in multiple regions in space, the quantum interference is only constructive in the centre. Figure 2c shows an image of the excitation pattern when applying a symmetric phase mask (w ¼ 0) with the same modulation depth and modulation frequency as in Fig. 2b . Even though the temporal intensity distributions of the interacting pulses for Fig. 2b and c are identical, the resulting spatial excitation patterns differ substantially. For this symmetric phase mask, the single-sided excitation is completely eliminated, which is why such pulses have been named 'dark pulses' 17 . However, Fig. 2c shows that counterpropagating dark pulses actually give rise to a spatially structured two-photon excitation pattern where the sub-pulses overlap. We find that these counter-propagating dark pulses are not only not dark, but induce the same total excitation as transformlimited pulses.
Variation of the modulation depth can be used as a 'switch' to turn the single-sided signal on and off, but can also be used to control the relative brightness of the individual excitation regions. In Fig. 2d , the modulation depth was set to a ¼ 2.76, where the single-sided signal is again eliminated completely. The fluorescence image displays additional excitation regions with different ratios between their relative intensities. In addition, the positions of the excitation regions can be controlled by varying the modulation frequency b (Supplementary Section S2) .
In the second set of measurements we illustrate the versatility of spatial coherent control by spatially separating the excitation of different atomic species. We used a rubidium/caesium mixture vapour cell and tuned the comb parameters to f 0 ¼ 25 MHz and f rep ¼ 178,435,286 Hz, for which both the 85 Rb 5S(F ¼ 3) 7S(F ¼ 3) transition in rubidium at 2 × 760 nm and the 133 Cs 6S(F ¼ 4) 8S(F ¼ 4) transition in caesium at 2 × 822 nm are simultaneously excited. Figure 3a shows the excitation profile with transform-limited pulses. The signal is dominated by single-sided excitation, and no distinction can be made between the atomic species. Subsequently, we used a V-shaped spectral phase mask (F(v) ¼ a|v 2 v 0 /2|) that effectively eliminated the single-sided signal. By applying such a spectral phase mask to both spectral regions (centred around l Rb ¼ 760 nm and l Cs ¼ 822 nm), we created a background-free excitation pattern as seen in Fig. 3b . By changing the slope of the V-shaped phase masks, the excitation positions of the individual species could be moved around independently. This resulted in controlled spatially separated excitation of rubidium and caesium atoms, as seen in Fig. 3c . We verified that excitation within the various regions in Fig. 3c originates from different atomic species by scanning the frequency comb modes over the different atomic transitions. Such a scan reveals the hyperfine atomic structure, which is a unique fingerprint of the different atoms (for details see Supplementary Section S3).
The combination of background-free signal and the reduction of Doppler-broadening 18, 19 is essential for performing high-precision direct frequency comb spectroscopy [20] [21] [22] [23] [24] [25] . These requirements are (1) (green line). The broadening of the data due to the imaging resolution and the atomic motion is taken into account in the theory by convolving all simulation curves with the same 80 mm full-width at half-maximum Lorentzian distribution. A correction for the non-uniform intensity due to the focusing geometry is derived by fitting the background with a single Gaussian distribution. The resulting correction (including a single scaling factor) is then applied to all theoretical curves. easily satisfied by using counter-propagating frequency comb pulses with a V-shaped spectral phase. The laser spectrum is clipped in the Fourier plane of the shaper so as to excite only the rubidium atoms.
In Fig. 4 , the spatially integrated signal is shown as a function of the comb repetition frequency. The excellent signal-to-noise ratio enables us to determine the hyperfine A constants of the excited state in 85 Rb and 87 Rb to be 94,686(7) kHz and 319,713(30) kHz, respectively. Simultaneously measuring both isotopes also permits accurate determination of the isotope shift. We find the isotope shift of the 5S 7S transition to be 131,564 (20) kHz. This presents the most accurate measurement of these values, outperforming other direct frequency comb measurements 24 and even continuous-wave (c.w.) laser measurements 26 (the analysis procedure and a comparison of our results with previous measurements are presented in Supplementary Section S4).
The combination of spatial and spectral coherent control opens new possibilities for a wide range of applications including nonlinear spectroscopy, microscopy and high-precision frequency metrology. For example, selective excitation of specific ions in a trap can be achieved with high precision. The ability of spatial coherent control to excite different transitions at distinct positions in space can be exploited, for example, in spatially dependent chemical bond formation or dissociation. Additionally, shaping only one of the two counter-propagating pulses can be used as a type of pump-probe measurement where the delay between the pump and the probe is mapped to the spatial dimension. Combined with spatially sensitive detection, the signal from all possible delays can be acquired in a single shot. The combination of line-by-line shaping 27, 28 with our principle of spatial coherent control could lead to optical arbitrary waveform generation in space and time.
Methods
The frequency comb is a Ti:sapphire oscillator producing 20 fs pulses at a repetition frequency of 179 MHz. For the various measurements presented here, we centred the spectrum to either 760 nm or 790 nm. Both comb parameters ( f 0 and f rep ) were locked to a global positioning system-disciplined rubidium atomic clock. The data acquisition of the spectroscopy measurement was achieved by scanning the repetition frequency in steps of 0.5 Hz.
The shaper system was based on a zero-dispersion 2f-2f configuration, with two 1,200 l mm 21 gratings and two spherical mirrors with radii of curvature of 100 cm. A 640-pixel computer-controlled spatial light modulator (SLM) was placed at the Fourier plane to apply a phase-only spectral mask.
The excitation setup consisted of a vapour cell containing either pure rubidium or a rubidium/caesium mixture. The cell was heated to a temperature of 60-70 8C to increase the pressure in the cell for increased signal strength. The laser beams were focused in the middle of the cell. For spectroscopy measurements, the focus size was chosen to be larger than 50 mm to avoid transit-time broadening. 
